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Abstract 

We present a search for a light (mass < 2 GeV) boson predicted by Hidden Valley supersymmetric models that decays 
into a final state consisting of collimated muons or electrons, denoted "lepton-jets". The analysis uses 5 fb ' of 
^fs - 1 TeV proton-proton collision data recorded by the ATLAS detector at the Large Hadron Collider to search 
for the following signatures: single lepton-jets with at least four muons; pairs of lepton-jets, each with two or more 
muons; and pairs of lepton-jets with two or more electrons. This study finds no statistically significant deviation from 
the Standard Model prediction and places 95% confidence-level exclusion limits on the production cross section times 
branching ratio of light bosons for several parameter sets of a Hidden Valley model. 



1. Introduction 

A light boson at the GeV scale, in a model where a 
Hidden Valley sector is weakly coupled to the Standard 
Model (SM) sector LL-iU, has been proposed to explain 
several recently observed anomalies in cosmic-ray and 
dark matter direct-detection experiments. These obser- 
vations include an unexpected excess of cosmic elec- 
trons and/or positrons EHZl and signals from certain 
dark matter direct-detection experiments Is mUl . The 
proposed boson could be created at particle accelera- 
tors and produce distinctive final states of tightly colli- 
mated "lepton-jets" consisting of close by electrons or 
muons [ 1 1-. 15j. Such lepton-jet decays are also a gener- 
ically interesting signature that may be produced by rare 
decays of, for instance, Z or Higgs bosons |T6|. Upper 
limits on lepton-jet production have already been set by 
previous analyses of collider data IfTTlfTSl . 

In Hidden Valley models, the universe consists of SM 
and supersymmetric (SUSY) particles, together with an 
additional spectrum of dark matter particles charged un- 
der a hidden gauge group (called the dark sector). Cer- 
tain particles called messengers are charged under both 
the dark sector and the SM and SUSY gauge symme- 
tries, permitting decay chains through the normal and 
dark sectors. For example, the lightest supersymmetric 
particle, which cannot decay to SM particles due to R- 
parity conservation, can decay into less-massive dark- 
sector states ending with the lightest particle in the dark 
sector, a dark photon denoted jd- This dark photon can 
decay into light SM fermions by kinetic mixing lfT9l 



of the dark gauge sector and SM gauge symmetries. 
These models aim to explain the excess of cosmic-ray 
positrons, in the absence of any observed proton ex- 
cess, with a dark boson jd that has a mass below the 
proton-antiproton kinematic threshold of ~2 GeV. Such 
low-mass dark photons can decay to electrons, muons, 
and pions, whereas decays to protons are kinematically 
forbidden. Due to the boost of the yo, the light SM de- 
cay products are highly collimated, providing a striking 
signature for new physics. 

The data is interpreted in a model where a pair of 
squarks is produced and each of the squarks cascade de- 
cays into dark-sector particles, including one or more 
dark-photons. The dark-photons decay into pairs of lep- 
tons, forming lepton-jets. Additionally, dark-sector par- 
ticles may radiate multiple dark photons, increasing the 
lepton multiplicities and number of the lepton-jets I.16J . 
The amount of radiation is determined by the dark sec- 
tor gauge coupling parameter a^- Setting ad - 0.0 re- 
sults in a simple lepton-jet with two hard leptons. Larger 
values of may produce lepton-jets with four, six, 
eight, or more prompt leptons from the decay of over- 
lapping dark photons, albeit with reduced boost. The 
transverse momentum {pi) of the leptons increases with 
dark photon mass, but decreases with ad- This paper 
considers values of ad of 0.0, 0.1, and 0.3, and dark 
photon masses (m^^,) of 150, 300, and 500 MeV For 
niy^ = 150 MeV, the dark photon is below the muon- 
antimuon threshold and can only decay to electrons. 
With niy^ > 300 MeV, the dark photon decays to elec- 
tron and muon pairs. Additionally, for niy^ - 500 MeV, 
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20% of the decays produce pion pairs. These nine signal 
operating points cover a wide range of phase space from 
low-muhipHcity lepton-jets containing leptons of only 
one flavour, to high-multiplicity lepton-jets containing 
a mix of electrons and muons. 

The data samples used in this analysis were col- 
lected with the ATLAS detector during the 2011 run 
of the Large Hadron Collider at centre-of-mass energy 
-\As = 7 TeV and correspond to 4.5 fb"' of integrated lu- 
minosity for the muon analyses and 4.8 fb"' for the elec- 
tron analysis 112011211 . after their respective data quality 
requirements have been applied. This paper considers 
lepton-jets in three signatures: single muon-jets with 
four or more muons, pairs of muon-jets each with two 
or more muons, and pairs of electron-jets each with two 
or more electrons. The selection is designed to enhance 
the signal relative to the SM backgrounds, the largest of 
which is multi-jet production. In multi-jet production 
the background arises from either real leptons from the 
decay of SM particles, from hadrons that are misidenti- 
fied as leptons, or in the case of electrons, from photon 
conversions. All other SM background sources are ex- 
pected to be negligible after the final selection cuts are 
applied. The multi-jet background is reduced through a 
variety of selection cuts, and the remaining background 
is estimated with two different data-driven techniques. 

No requirements are made on the remaining activity 
in the event beyond the one or two lepton-jets in order 
to avoid introducing a strong model dependence in the 
analysis. For example, no cuts are made on the presence 
of other particles or jets, the event track multiplicity, or 
the presence of missing transverse energy. 

2. The ATLAS detector 

ATLAS is a general purpose detector [22] consist- 
ing of an inner tracking detector (ID) embedded in a 
2 T solenoid, electromagnetic and hadronic calorime- 
ters and a muon spectrometer (MS) employing toroidal 
magnets. The ID provides precision tracking of charged 
particles for \t]\ < 2.5 using silicon pixel and microstrip 
detectors and a straw-tube transition radiation tracker 
(TRT) that relies on transition radiation to distinguish 
electrons from pions in the range \r]\ < 2.0. Liquid- 
argon (LAr) electromagnetic sampling calorimeters, 
with excellent energy and position resolution, cover the 
range \t]\ < 3.2 with a typical granularity of At; x A(p of 
0.025 X 0.025. A scintillator-tile calorimeter, which is 
divided into a large barrel and two smaller extended- 
barrel cylinders, one on each side of the central bar- 
rel, provides hadronic calorimetry in the range \t]\ < 
L7. In the end-caps (|?7| > L5), LAr is also used 



for the hadronic calorimeters, matching the outer \ri\ 
limit of end-cap electromagnetic calorimeters. The LAr 
forward calorimeters provide both electromagnetic and 
hadronic energy measurements, and extend the cover- 
age to It/I = 4.9. The calorimeter system has a minimum 
depth of 9.7 interaction lengths at t; = 0. The MS covers 
I77I < 2.7 and provides triggering and precision tracking 
for muons [3 

A three-level trigger system is used to select events. 
The Level 1 (LI) trigger is implemented in hardware 
and uses information from the calorimeters and muon 
sub-detectors to reduce the event rate to a design value 
of at most 75 kHz. This is followed by two software- 
based trigger levels. Level 2 (L2) and Event Filter (EF), 
which together reduce the event rate to 300 Hz on av- 
erage. The LI trigger generates a list of Regions of In- 
terest (Rol) ri-(p coordinates with associated thresholds. 
The muon Rol have a spatial extent of 0.2 in A77 and A0 
in the MS barrel, and 0. 1 in the MS endcap. The electro- 
magnetic calorimeter Rol have a spatial extent of 0.2 in 
At7 and IS.(p. At L2, most reconstruction uses simplified 
algorithms running on data localized to an Rol which 
was reported by LL At the EF level, the trigger system 
has access to the full event for processing. 

3. Event reconstruction and selection 

The analysis used only data from stable running peri- 
ods, and required events to have a primary collision ver- 
tex containing at least three tracks with pi > 400 MeV 
in order to remove cosmic rays. 

3.1. Electron-jet channel 

Events containing electron-jets were selected using 
single-electron triggers with an online pj threshold of 
20 or 22 GeV, the latter being used after there was a sub- 
stantial increase in the instantaneous luminosity during 
201 1. To ensure proper modelling of the trigger accep- 
tance, events were required to contain at least one recon- 
structed electron with px > 35 GeV, above which the 
trigger efficiency is constant. The reconstructed electron 
was required to match an electron reconstructed above 
the Pi threshold in the trigger system with a separation 
in (A/? = V(A0)2 + (A77)2) less than 0.2. 



' ATLAS uses a right-handed coordinate system with its origin at 
the nominal interaction point (IP) in the centre of the detector and the 
z-axis along the beam pipe. The jc-axis points from the IP to the centre 
of the LHC ring, and the v axis points upward. Cylindrical coordinates 
(r, 0) are used in the transverse plane, (p being the azimuthal angle 
around the beam pipe. The pseudorapidity is defined in terms of the 
polar angle 9 as = - In tan(6/2). 
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The electron-jet candidates were built from elec- 
tromagnetic clusters with minimum transverse energy 
Ej > 10 GeV inside the calorimeter fiducial region 
(I77I < 2.47, excluding the barrel/end-cap transition re- 
gion 1.37 < It/I < 1.52 where there is substantial dead 
material that is diflicult to model accurately). At least 
two tracks from the primary vertex (transverse impact 
parameter Ic/qI < 1 mm) having pj > 10 GeV were re- 
quired to have AR < 0. 1 of the cluster position in the 
second sampling layer of the calorimeter. Additional 
requirements were made on the number of hits along 
the track in the silicon pixel and silicon microstrip de- 
tectors to suppress backgrounds from photon conver- 
sions. The analysis required two lepton-jet candidates 
in each event, with one cluster matching the electron re- 
constructed in the trigger system. The invariant mass of 
the two highest-pT tracks associated with each electron- 
jet had to be less than 2 GeV. 

The background for the electron-jets analysis comes 
primarily from multi-jet events, and to a lesser extent 
from photon-i-jet events. Five variables were used to re- 
duce the remaining background for electron-jet candi- 
dates. The electron cluster energy concentration shown 
in Fig. 



1(a) 



R,j2, must exceed 0.92. R,j2 is defined as 
the ratio of total energy in 3 x 7 cells to the total en- 
ergy in 7 X 7 cells in rj-if) in the second sampling layer 
of the electromagnetic calorimeter. The electron cluster 
lateral shower width in the calorimeter, w,j2, shown in 



Fig. 1(b) must be less than 0.0115, where 



Wr,2 



(1) 



Here and 77, represent the energy and pseudorapidity 
of the cell ina3x5?7-0 window in the second 
sampling layer of the electromagnetic calorimeter. The 
ratio of the number of high-threshold hits |22|, indica- 
tive of transition radiation, to the total number of hits 
from the TRT associated with each track, /ht, was re- 
quired to be greater than 0.05 to remove pions. The /ht 
distribution per track is shown in Fig. 1(c) The sharp 



peak at zero arises from tracks matched to an electron 
candidate outside of the TRT acceptance. A scaled iso- 
lation variable is defined as the transverse energy within 
0.1 < AR < 0.4 around the cluster divided by cluster 
Ej; events were required to have scaled isolation below 
30% as shown in Fig. 1(d) Finally, a requirement that 



the fraction of the lepton-jet energy found in the elec- 
tromagnetic calorimeter, /em must be larger than 0.98, 
was used to reject activity from hadrons, as shown in 

Fig. [HI 



3.2. Muon-jet channels 

Single muon-jet events were selected from events sat- 
isfying a trigger with a single muon having more than 
18 GeV in pj. Candidates for double muon-jets were 
taken with either a single-muon trigger with a p-Y thresh- 
old of 18 GeV or a three-muon trigger with a pj thresh- 
old of 6 GeV. The muon triggers were complemen- 
tary, as the three-muon trigger has reduced efficiency 
for high-pT muons from a single lepton-jet which may 
be too close together to produce more than one Rol. 

Muon candidates must have been reconstructed in 
both the ID and the MS and have \ri\ < 2.5. Addi- 
tional requirements were made on the number of asso- 
ciated hits in the silicon pixel and microstrip detectors, 
as well as on the number of track segments in the MS. 
The muons were required to come from the primary ver- 
tex by imposing a |iiol < 1 mm cut on the tracks. The 
muon-jets were reconstructed in an iterative procedure 
using all candidate muons, by seeding the jet candi- 
date with the highest-pT muon, and adding all muons 
within AR - 0.1. Additional jets were formed using 
the remaining muons, again seeding the muon-jet with 
the remaining highest- pj muon. For the double muon- 
jet analysis, two muons with pj > II GeV were re- 
quired per jet with the additional requirement that the 
leading muon pj be greater than 23 GeV for the sin- 
gle muon trigger events. For the single muon-jet analy- 
sis, four muons were required per jet with pj > 19, 16, 
14 GeV, respectively, for the three highest-px muons, 
and Pj > 4 GeV for all additional muons. 

Within a muon-jet, the two muons closest in pj were 
required to have an invariant mass less than 2 GeV. A 
scaled isolation variable was formed by summing the 
Ej of all calorimeter cells within AR = 0.3 of any of 
the muon-jet's component muons while excluding cells 
found within AR = 0.05 of the muons, and dividing by 
the muon-jet pj. The scaled isolation was required to be 
less than 0.3 (0.15) per muon-jet for the double (single) 
muon-jet analyses, to suppress muons from hadronic 
jets. 

As noted earlier, a signature of the dark matter sig- 
nal is a muon-jet composed of two or more muon tracks 
confined to a narrow cone. One source of coUimated 
muons arises from the decay of low-mass states, since 
the opening angle is in inverse proportion to the Lorentz 
boost. The background from boosted low-mass states 
with an invariant mass less than 3.5 GeV is displayed 
in Fig. |2] showing the opening angle AR vs invariant 
mass for all dimuon pairs. This plot was produced using 
the same muon selection used for the muon-jet analy- 
sis, excluding the AR requirement. The invariant mass 
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Figure 1 : Distributions of the five discriminating variables used after selection of events which have passed the trigger 
and contain two or more electron-jet candidates, shown separately for the multi-jet, Z — > ee and y + jets backgrounds 
as well as for the signal sample with = 0.0 and iriy^ = 150 MeV. The signal MC normalization is arbitrary. The 



dashed black vertical line shows the cut values at (a) cluster energy concentration R^2 ^ 0.92, (b) electron cluster 
lateral shower width Wri2 < 0.01 15, (c) fraction of high threshold TRT hits /ht > 0.05, (d) calorimeter isolation < 0.3, 
and (e) fraction of energy in the EM calorimeter /em ^ 0.98. The hadronic jet and y -i- jets distributions are shown 
here from Pythia MC for illustrative purposes. 



of muon pairs falls off smoothly, interrupted by easily 
observable narrow peaks produced by low-mass reso- 
nances such as (~1 GeV), and ll) and p (~0.7 GeV). 
For smaller opening angles, AR < 0.03, the low-mass 
resonances barely stand out from the rest of the back- 
ground. It was not practical to exclude the oj/p and (f> 
peak regions from the analysis. However, the J/iJ/ was 
removed for the electron-jet and muon-jet search by a 2 
GeV mass cut. A second smoothly falling distribution is 
also visible in this figure from events with an additional 
three or more muons, one of which has a high enough 
Pj to fire the trigger, producing an additional combina- 
torial background. 



4. Signal and background estimation 

Both MC and data-driven methods were used for 
background and efficiency estimations. Various SM 
processes can mimic the signal due to misreconstructed 
objects, such as jets misidentified as electrons, or 
chance overlap of leptons. We have considered MC 
hadronic multi-jet events, y -i- jets events, W — > ^v-i- jets, 
Z ^ tr+ jets, tt and diboson (WW, WZ, ZZ) events 
at ^fs - 7 TeV. Pythia6 ||23]| was used for all sam- 
ples except tt, WW, WZ, ZZ for which MC@NLO p24l 
was used. The contribution from WZ and ZZ back- 
grounds, when one of the bosons is off-shell, was mod- 
eled with Sherpa 125)1 . Of all the backgrounds consid- 
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Figure 2: The opening angle AR vs invariant mass for 
all muon pairs in the 4.5 fb ' data sample. The overlaid 
red points [colour online] show the profile of the AR 
distribution for each dimuon mass bin. The position of 
each point is the mean value of the vertical slice and its 
width is the RMS. The secondary distribution running 
along the top of the distribution arises from events with 
more than two muons, where a third muon triggers at a 
higher pj, allowing for combinations of dimuon pairs 
with a larger opening angle. 



ered, only the hadronic multi-jet and y + jets events 
contribute significantly to the final background expec- 
tation. In addition, signal MC simulation was generated 
using MadGraph |i26J with the CTEQ6L1 set of parton 
distribution functions ll27l . and a custom-made Mathe- 
matica [28'| package to model the dark-sector cascade 
decay described in Refs. |.l 1,,16|. followed by Pythia6 
for hadronization. All MC samples include the effect 
of multiple pp interactions per bunch crossing and are 
assigned an event weight such that the distribution of 
the number of pp interactions matches that in data. The 
mean momentum of the dark photons depends strongly 
on ad and therefore the acceptance of the lepton-jets 
also depends on this parameter. At a^i = 0.0 the mean 
momentum of the dark photon is 73, 76, and 82 GeV 
for niy^ - 150, 300, and 500 MeV, respectively, with 
no cuts applied. For aj = 0.1, the mean dark photon 
momentum decreases to 30.4, 35.9, and 41.6 GeV. At 
ad - 0.3 the mean values are 21.1, 25.7, and 30.9 GeV 
All MC events were processed with the Geant4 based 
ATLAS detector simulation ll29l [30l and then analyzed 



with the standard ATLAS reconstruction software. 

Due to the very small acceptance for hadronic jets 
passing our signal criteria, <9(10""') to <9(10"'*) for jets 
with 50 < < 400 GeV, there were too few MC events 
to accurately estimate background yields (see Fig. [T]l. 
The background MC samples were used to help estab- 
lish the event selection criteria, based on characteristics 
of the background. All the samples were required to 
satisfy the trigger conditions, with efficiencies ranging 
from 40% to 75% for the lepton-jet models considered. 

4.1. Background estimation with the ABCD-likelihood 
method 

In the lepton pj and dilepton invariant mass ranges 
relevant to this study, the level of the background is 
best estimated using a data-driven method, rather than 
by MC simulation where the number of events is low 
and the backgrounds may be poorly modeled. This pa- 
per uses an ABCD-likelihood method to determine the 
lepton-jet backgrounds which was cross-checked with 
a tag-and-probe fake-rate estimate. The traditional im- 
plementation of the ABCD method consists of using 
two uncorrected or loosely correlated variables from 
the event selection to define four regions labeled A, B, 
C and D. The background in the signal region is esti- 
mated by taking the ratio of events in the adjacent re- 
gions. This method breaks down in the presence of sig- 
nificant signal contamination in the side-band regions, 
or when there are too few events. The ABCD-likelihood 
method addresses both of these issues. A likelihood 
function, formed from the product of Poisson probabil- 
ity functions describing the signal and background ex- 
pectations, is fit to all four of the regions simultaneously. 

The hkeUhood takes the form: 



e ■ 



/=A,B,C,D 



(2) 



where «a, «b, "c, and no are the numbers of events 
observed in each of the four regions, and pa, t^B, Mc, 
and are linear combinations of signal (p) and multi- 
jet background (p^) expectations. In region A, the ex- 
pected number of events p^ = p^ + p. In region B, 
Pb = P^tb + pb, where tb is the ratio of background 
events expected in region B to that in region A and b 
gives the signal contamination in region B. Similarly, 
the expected number of events in region C is expressed 
as PC = p^Tc+pc. In region D, /vd - p^TcTu+pd, such 
that the multi-jet background contribution is determined 
using the product of the ratios. The signal contamina- 
tion coefficients are taken from MC simulation for each 
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signal sample, while and the t,- values are allowed to 
float in a simultaneous fit to the four data regions. 

For the electron-jet analysis, the ABCD-likelihood 
method used boundaries at /?,,2 - 0.92 and /em = 0.98 
on the second highest-^x lepton-jet to define these four 
regions. In photon+jet events, the photon will typi- 
cally deposit more energy in the EM calorimeter than 
the hadronic jet. Using the subleading cluster to esti- 
mate the background thus accounts for both the pho- 
ton-Hjet and multi-jet backgrounds. The double (single) 
muon-jet analysis used the scaled isolation variable and 
the Pi cut on the fourth (third) muon in the event, asso- 
ciated with a muon-jet. The two-dimensional distribu- 
tions with the A, B, C and D regions are shown in Fig. [3] 
In the absence of signal, the numbers of events predicted 
in region A for the single muon-jet channel, the double 
muon-jet channel, and the double electron-jet channel 
are 3.0 +1.0, 0.5 + 0.3, and 15.2 + 2.7, respectively. The 
quoted errors are statistical only. 

4.2. Background estimation using jet probabilities 

Both the electron-jet and muon-jet analyses used a 
tag-and-probe method to cross-check the amount of 
background in the signal region using back-to-back 
hadronic jet pairs with pi > 30 GeV and |A0| > 2 but 
with diff'erent selection criteria. 

For the electron-jet analysis, the tag was chosen by 
matching a jet with /em < 0.9 to a trigger jet. Using 
the highest-ZiT electromagnetic cluster within AR - 0.4 
of the probe jet as a seed for the electron-jet, the fake 
rate was extracted from the probe jets that satisfied the 
electron-jet criteria, as well as the probability for such 
electron-jets to pass the electron trigger Jet triggers 
with different pj thresholds were used to determine the 
rates over the fall range of probe-jet pj values. These 
probabilities were then used to calculate event weights 
for the inclusive multi-jet MC sample to estimate the 
number of events which would pass the electron trigger 
and electron-jet selection requirements. This method 
predicted 14.55^g Q4 background events after all analy- 
sis cuts were applied to the data. The quoted error is 
statistical only. 

The double muon-jet analysis used two criteria to se- 
lect either light-quark or ^j-quark jets by requiring that 
either the tag jets contain no muons and no b-tag, or the 
tag jets have a b-tag. The probe jets were then used to 
determine the probabihty that a hadronic jet could sat- 
isfy the muon selection criteria and the probability that 
it could satisfy the muon-jet selection criteria, as a func- 
tion of the probe-jet pj. The ratio of these two proba- 
bilities was used in events containing three muons (of 
which at least two formed a muon-jet and the third was 



embedded in a hadronic jet) to estimate the background 
from multi-jet production, accounting for the flavour of 
the hadronic jet. This method predicted 2.2 + 0.9 events 
from multi-jet production. The quoted error is statistical 
only. 

The fake rates for muon-jets and electron-jets were 
found to be consistent with those obtained from the 
ABCD-likelihood method, which were discussed in 
Section|4T|and are summarized in Table[T] This cross- 
check thus validates the background estimates. 

5. Results and interpretation 

Table [T] shows the number of events passing all anal- 
ysis cuts compared to the background expectation from 
the ABCD-likelihood method. A slight excess is ob- 
served in both the single and the double muon-jet sig- 
nal regions corresponding to p-values (the probabil- 
ity the background process would produce at least this 
many events) of 0.06 and 0.04, respectively. The ac- 
ceptance times trigger, reconstruction, and selection ef- 
ficiency for the various signal points are listed in Ta- 
ble |2] It ranges from about 0.4% to 10% depending on 
the model parameter aj, the mass of the dark-photon, 
and the analysis channel. The estimate of the back- 
ground from the ABCD-likelihood method has a large 
statistical error, which reduces the expected sensitiv- 
ity of the analysis. The systematic uncertainty on the 
ABCD-likelihood method due to correlation between 
the variables, 3% (4%) for the single (double) muon- 
jets channel, is small by comparison. 

Table [3] lists the systematic uncertainties on the sig- 
nal yields. The possible mismodelling of track recon- 
struction at very small opening angles ("Offline AR Ef- 
ficiency" in Table [3]l introduces a ~10% systematic er- 
ror on the signal acceptance. The size of the systematic 
uncertainty on the acceptance was estimated by measur- 
ing the tracking efficiency using a tag-and-probe method 
with J/^ data and MC. For AR > 0.05 the data and MC 
agree to within ~4%. However, a systematic variation 
of ~10% is observed in the efficiency for the smaller 
AR region, which is probably due to a slightly softer 
p-Y distribution in the MC than in the data. Systematic 
errors are also assigned to the determination of the lu- 
minosity, the modelling of the trigger acceptance, the 
modelling of the lepton reconstruction efficiency, and 
the modelling of each of the analysis cuts. 

The 95% confidence-level upper limits on the number 
of expected events from new phenomena producing col- 
limated pairs of prompt leptons were calculated using 
the CLs method ||3T1 with a log-likelihood ratio (LLR) 
test statistic. Ensembles of pseudo-experiments were 
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Figure 3: Variables used for ABCD-likelihood method from data (top) and MC signal (bottom) using - 0.1 and 
ifiy^ - 300 MeV for the electron channel and Od = 0.0 and niy^ - 300 MeV for the two muon channels. The dashed 
black lines show the cuts used to define the four regions. Shown are (left) Electron-jet: Ri^ vs EM fraction; (centre) 
double muon-jet: scaled isolation vs pj of the fourth muon; (right) single muon-jet: scaled isolation vs pj of the third 
muon. 





Electron LJ 


1 Muon LJ 


2 Muon LJ 


Data 

All background 


15 

15.2±2.7 


7 

3.0 ± 1.0 


3 

0.5 ± 0.3 



Table 1 : The number of events in the signal region (A) 
observed in data and expected from background sources 
estimated with the ABCD-likelihood method. 



generated for the signal-only hypothesis and the sig- 
nal-i-background hypothesis, varying the LLR accord- 
ing to the statistical and systematic uncertainties. The 
upper limits were determined by performing a scan of 
/7-values corresponding to LLR values larger than the 
one observed in data. For broad applicability, the limits 
are expressed in terms of the signal cross section times 
branching ratio to the final state under consideration, us- 



ing the expected signal acceptance for each of the pair- 
ings of dark photon masses and dark sector gauge cou- 
pling parameter values in Table |4] 

The observed limits in the electron-jets channel are 
in good agreement with the expected limits, and are 
the first inclusive study of prompt electron-jets at the 
LHC. The limits in the muon-jet channels are slightly 
higher than expected as a result of the slight excesses, 
but are within 2cr of the SM expectation for both chan- 
nels. The limits on the production of prompt lepton-jets 
in the muon-jet channel improve upon previous results 
by an order of magnitude. 

6. Conclusions 

A search for coUimated pairs of muons or electrons, 
lepton-jets, has been performed using nearly 5 fb ' 
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Electron U [%] 


1 Muon U [%] 


2MuonU[%] 


Luminosity 


3.9 


3.9 


3.9 


Trigger Efficiency 


1.5 


2.0 


3.6 


Offline AR Efficiency 


13.0 


10.7 


10.7 


Lepton Momentum Scale 


0.6 


1.0 


1.0 


Isolation 


5.2 


< 0.1 


< 0.1 


R,j2 iind Mv,2 Efficiency 


8.0 


NA 


NA 


/ht Efficiency 


1.0 


NA 


NA 


/em Efficiency 


3.0 


NA 


NA 


Muon Momentum Resolution 


NA 


< 1.0 


< 1.0 



Table 3: Contributions to the systematic uncertainty on the signal yields for the three different lepton-jet (LJ) channels 
given as percentages. A "NA" means this source does not apply. 



Signal Parameters 


Electron LJ 


1 Muon LJ 


2 Muon LJ 




Signal Parameters 


Electron LJ 


1 Muon LJ 


2 Muon LJ 


ad 


myo [MeV] 


Axe [%] 


Axe [%] 


Axe [%] 




ad 


myj,[MeV] 


Obs (Exp) pb 


Obs (Exp) pb 


Obs (Exp) pb 


0.0 


150 


3.01 ± 0.30 








0.0 


150 


0.082 (0.082) 






0.0 


300 


2.7 ± 0.5 


4.3 ± 0.9 


9.2 ± 0.9 




0.0 


300 


0.11 (0.11) 


0.060 (0.035) 


0.017(0.011) 


0.0 


500 


1.8 ± 0.5 


1.7 ± 1.3 


8.5 ± 1.1 




0.0 


500 


0.20 (0.21) 


0.15(0.090) 


0.019 (0.012) 


0.10 


150 


2.69 ± 0.23 








0.10 


150 


0.096 (0.10) 






0.10 


300 


1.04 ±0.19 


3.7 ± 0.5 


7.10 ±0.39 




0.10 


300 


0.37 (0.37) 


0.064 (0.036) 


0.018(0.011) 


0.10 


500 


1.17 ±0.23 


5.0 ± 0.8 


8.1 ±0.6 




0.10 


500 


0.39 (0.39) 


0.053 (0.035) 


0.018(0.011) 


0.30 


150 


2.49 ± 0.22 








0.30 


150 


0.11 (0.11) 






0.30 


300 


0.80 ±0.13 


2.16 ±0.29 


7.47 ± 0.42 




0.30 


300 


0.40 (0.40) 


0.099 (0.055) 


0.020 (0.012) 


0.30 


500 


0.37 ±0.10 


3.16 ±0.46 


6.23 ± 0.43 




0.30 


500 


1.2(1.2) 


0.066 (0.043) 


0.022 (0.015) 



Table 2: The acceptance times trigger, reconstruction, 
and selection efficiency (Axe) expected in the signal re- 
gion (A) from various signal hypotheses for the three 
different lepton-jet (LJ) channels. Note that the Wyj, = 
150 MeV dark photon cannot decay to muons. 



Table 4: Observed (Expected) upper limits for cross sec- 
tion times branching ratio (crx BR) to the final state un- 
der consideration, in units of pb for the three different 
lepton-jet (LJ) channels. 



of pp collisions at ^fs = 7 TeV recorded with the 
ATLAS detector at the LHC. Such final states have 
been proposed as a possible explanation of recently ob- 
served anomalies in cosmic-ray and dark matter direct- 
detection experiments. No significant excess of data 
compared to the SM expectation was observed in any 
of the three channels, and 95% confidence-level upper 
limits have been computed on the cross section times 
branching ratio for several parameter values of a Hid- 
den Valley model. The limits range from 0.017 to 1.2 
pb. 
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Department of Physics, Northern Illinois 
University, DeKalb IL, United States of America 

Budker Institute of Nuclear Physics, SB RAS, 
Novosibirsk, Russia 

'"^ Department of Physics, New York University, New 
York NY, United States of America 
'"^ Ohio State University, Columbus OH, United States 
of America 

Faculty of Science, Okayama University, Okayama, 
Japan 



Homer L. Dodge Department of Physics and 
Astronomy, University of Oklahoma, Norman OK, 
United States of America 

Department of Physics, Oklahoma State University, 
Stillwater OK, United States of America 

Palacky University, RCPTM, Olomouc, Czech 
Republic 

Center for High Energy Physics, University of 
Oregon, Eugene OR, United States of America 
"5 LAL, Universite Paris-Sud and CNRS/IN2P3, 
Orsay, France 

Graduate School of Science, Osaka University, 
Osaka, Japan 

Department of Physics, University of Oslo, Oslo, 
Norway 

''^ Department of Physics, Oxford University, Oxford, 
United Kingdom 

119 (a) j]^[pN Sezione di Pavia; Dipartimento di 
Fisica, Universita di Pavia, Pavia, Italy 

Department of Physics, University of Pennsylvania, 
Philadelphia PA, United States of America 

Petersburg Nuclear Physics Institute, Gatchina, 
Russia 

122 (a) jjsjpN Sezione di Pisa; Dipartimento di Fisica 
E. Fermi, Universita di Pisa, Pisa, Italy 

Department of Physics and Astronomy, University 
of Pittsburgh, Pittsburgh PA, United States of America 
124 (a) Laboratorio de Instrumentacao e Fisica 
Experimental de Particulas - LIP, Lisboa; 
Departamento de Fisica Teorica y del Cosmos and 
CAFPE, Universidad de Granada, Granada, Portugal 

Institute of Physics, Academy of Sciences of the 
Czech Republic, Praha, Czech Republic 

Czech Technical University in Prague, Praha, Czech 
Republic 

'^^ Faculty of Mathematics and Physics, Charles 
University in Prague, Praha, Czech Republic 

State Research Center Institute for High Energy 
Physics, Protvino, Russia 

'^"^ Particle Physics Department, Rutherford Appleton 
Laboratory, Didcot, United Kingdom 

Physics Department, University of Regina, Regina 
SK, Canada 

Ritsumeikan University, Kusatsu, Shiga, Japan 

132 (a) 2^p^ Sezione di Roma I; Dipartimento di 
Fisica, Universita La Sapienza, Roma, Italy 

133 (a) Y^p^ Sezione di Roma Tor Vergata; 
Dipartimento di Fisica, Universita di Roma Tor 
Vergata, Roma, Italy 

134 (a) Sezione di Roma Tre; Dipartimento di 
Fisica, Universita Roma Tre, Roma, Italy 

135 (a) Faculte des Sciences Ain Chock, Reseau 
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Universitaire de Physique des Hautes Energies - 
Universite Hassan II, Casablanca; '-''^ Centre National 
de I'Energie des Sciences Techniques Nucleaires, 
Rabat; '"^^ Faculte des Sciences Semlalia, Universite 
Cadi Ayyad, LPHEA-Marrakech; '■''^ Faculte des 
Sciences, Universite Mohamed Premier and LPTPM, 
Oujda; Faculte des sciences, Universite Mohammed 
V-Agdal, Rabat, Morocco 

DSM/IRFU (Institut de Recherches sur les Lois 
Fondamentales de I'Univers), CEA Saclay 
(Commissariat a I'Energie Atomique et aux Energies 
Alternatives), Gif-sur-Yvette, France 
'^^ Santa Cruz Institute for Particle Physics, University 
of California Santa Cruz, Santa Cruz CA, United States 
of America 

Department of Physics, University of Washington, 
Seattle WA, United States of America 

Department of Physics and Astronomy, University 
of Sheffield, Sheffield, United Kingdom 
'""^ Department of Physics, Shinshu University, 
Nagano, Japan 

Fachbereich Physik, Universitat Siegen, Siegen, 
Germany 

'^■^ Department of Physics, Simon Eraser University, 
Burnaby BC, Canada 

^'^^ SLAC National Accelerator Laboratory, Stanford 
CA, United States of America 

144 (a) pacujty of Mathematics, Physics & Informatics, 
Comenius University, Bratislava; Department of 
Subnuclear Physics, Institute of Experimental Physics 
of the Slovak Academy of Sciences, Kosice, Slovak 
Republic 

145 (a) Department of Physics, University of 
Johannesburg, Johannesburg; '^''^ School of Physics, 
University of the Witwatersrand, Johannesburg, South 
Africa 

146 (a) Department of Physics, Stockholm University; 
The Oskar Klein Centre, Stockholm, Sweden 

'"^^ Physics Department, Royal Institute of Technology, 
Stockholm, Sweden 

Departments of Physics & Astronomy and 
Chemistry, Stony Brook University, Stony Brook NY, 
United States of America 

Department of Physics and Astronomy, University 
of Sussex, Brighton, United Kingdom 
'^•^ School of Physics, University of Sydney, Sydney, 
Australia 

Institute of Physics, Academia Sinica, Taipei, 
Taiwan 

Department of Physics, Technion: Israel Institute of 
Technology, Haifa, Israel 

Raymond and Beverly Sackler School of Physics 



and Astronomy, Tel Aviv University, Tel Aviv, Israel 
'^"^ Department of Physics, Aristotle University of 
Thessaloniki, Thessaloniki, Greece 

International Center for Elementary Particle Physics 
and Department of Physics, The University of Tokyo, 
Tokyo, Japan 

Graduate School of Science and Technology, Tokyo 
Metropolitan University, Tokyo, Japan 

Department of Physics, Tokyo Institute of 
Technology, Tokyo, Japan 

Department of Physics, University of Toronto, 
Toronto ON, Canada 

159 (a) xRIUMF Vancouver BC; Department of 
Physics and Astronomy, York University, Toronto ON, 
Canada 

160 p^QQjty gf puj-g ajjjj Applied Sciences, University of 
Tsukuba, Tsukuba, Japan 

Department of Physics and Astronomy, Tufts 
University, Medford MA, United States of America 

Centro de Investigaciones, Universidad Antonio 
Narino, Bogota, Colombia 

Department of Physics and Astronomy, University 
of California Irvine, Irvine CA, United States of 
America 

164 (a) jNpN Gruppo Collegato di Udine; ICTP, 
Trieste; '"^^ Dipartimento di Chimica, Fisica e 
Ambiente, Universita di Udine, Udine, Italy 

Department of Physics, University of IlUnois, 
Urbana IL, United States of America 

Department of Physics and Astronomy, University 
of Uppsala, Uppsala, Sweden 

Instituto de Fisica Corpuscular (IFIC) and 
Departamento de Fisica Atomica, Molecular y Nuclear 
and Departamento de Ingenieria Electronica and 
Instituto de Microelectronica de Barcelona 
(IMB-CNM), University of Valencia and CSIC, 
Valencia, Spain 

Department of Physics, University of British 
Columbia, Vancouver BC, Canada 

Department of Physics and Astronomy, University 
of Victoria, Victoria BC, Canada 
™ Department of Physics, University of Warwick, 
Coventry, United Kingdom 

Waseda University, Tokyo, Japan 

Department of Particle Physics, The Weizmann 
Institute of Science, Rehovot, Israel 

Department of Physics, University of Wisconsin, 
Madison WI, United States of America 

Fakultat fiir Physik und Astronomic, 
Julius-Maximilians-Universitat, Wiirzburg, Germany 

Fachbereich C Physik, Bergische Universitat 
Wuppertal, Wuppertal, Germany 
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Department of Physics, Yale University, New 
Haven CT, United States of America 

Yerevan Physics Institute, Yerevan, Armenia 
'^^ Centre de Calcul de I'lnstitut National de Physique 
Nucleaire et de Physique des Particules (IN2P3), 
Villeurbanne, France 

" Also at Department of Physics, King's College 
London, London, United Kingdom 

* Also at Laboratorio de Instrumentacao e Fisica 
Experimental de Particulas - LIP, Lisboa, Portugal 
^ Also at Faculdade de Ciencias and CFNUL, 
Universidade de Lisboa, Lisboa, Portugal 

Also at Particle Physics Department, Rutherford 
Appleton Laboratory, Didcot, United Kingdom 
" Also at Department of Physics, University of 
Johannesburg, Johannesburg, South Africa 
f Also at TRIUMF, Vancouver BC, Canada 
^ Also at Department of Physics, California State 
University, Fresno CA, United States of America 

Also at Novosibirsk State University, Novosibirsk, 
Russia 

' Also at Department of Physics, University of 

Coimbra, Coimbra, Portugal 

^ Also at Department of Physics, UASLP, San Luis 

Potosi, Mexico 

* Also at Universita di Napoli Parthenope, Napoli, Italy 
' Also at Institute of Particle Physics (IPP), Canada 

Also at Department of Physics, Middle East 
Technical University, Ankara, Turkey 
" Also at Louisiana Tech University, Ruston LA, 
United States of America 

" Also at Dep Fisica and CEFITEC of Faculdade de 
Ciencias e Tecnologia, Universidade Nova de Lisboa, 

Caparica, Portugal 

P Also at Department of Physics and Astronomy, 
University College London, London, United Kingdom 
^ Also at Department of Physics, University of Cape 
Town, Cape Town, South Africa 
^ Also at Institute of Physics, Azerbaijan Academy of 
Sciences, Baku, Azerbaijan 

' Also at Institut fiir Experimentalphysik, Universitat 
Hamburg, Hamburg, Germany 
' Also at Manhattan College, New York NY, United 
States of America 

" Also at CPPM, Aix-Marseille Universite and 
CNRS/IN2P3, Marseille, France 
^' Also at School of Physics and Engineering, Sun 
Yat-sen University, Guanzhou, China 

Also at Academia Sinica Grid Computing, Institute 
of Physics, Academia Sinica, Taipei, Taiwan 
^ Also at School of Physics, Shandong University, 
Shandong, China 



^ Also at Dipartimento di Fisica, Universita La 
Sapienza, Roma, Italy 

^ Also at DSM/IRFU (Institut de Recherches sur les 
Lois Fondamentales de I'Univers), CEA Saclay 
(Commissariat a I'Energie Atomique et aux Energies 
Alternatives), Gif-sur-Yvette, France 

Also at Section de Physique, Universite de Geneve, 
Geneva, Switzerland 

Also at Departamento de Fisica, Universidade de 
Minho, Braga, Portugal 

"•^ Also at Department of Physics, The University of 
Texas at Austin, Austin TX, United States of America 

Also at Department of Physics and Astronomy, 
University of South Carolina, Columbia SC, United 
States of America 

Also at Institute for Particle and Nuclear Physics, 
Wigner Research Centre for Physics, Budapest, 
Hungary 

Also at California Institute of Technology, Pasadena 
CA, United States of America 

Also at Institute of Physics, Jagiellonian University, 
Krakow, Poland 

Also at LAL, Universite Paris-Sud and 
CNRS/IN2P3, Orsay, France 

Also at Nevis Laboratory, Columbia University, 
Irvington NY, United States of America 

Also at Department of Physics and Astronomy, 
University of Sheffield, Sheffield, United Kingdom 

Also at Department of Physics, Oxford University, 
Oxford, United Kingdom 

Also at Department of Physics, The University of 
Michigan, Ann Arbor MI, United States of America 

Also at Discipline of Physics, University of 
KwaZulu-Natal, Durban, South Africa 
* Deceased 
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